The QCD axion is a hypothetical particle motivated by the Strong CP problem of particle physics. One of the primary ways in which its existence can be inferred is via its function as an additional cooling channel in stars, with some of the strongest constraints coming from the supernova observation SN1987A. Multimessenger observations of binary neutron star mergers (such as those of GW170817, AT2017gfo, and GRB170817A) may provide another scenario in which such constraints could be obtained. In particular, the axion could potentially alter the lifetime, the ejection of material, and the emitted gravitational wave signal of the postmerger remnant. In this article, we perform numerical relativity simulations of a binary neutron star merger, including a phenomenological description of the nucleon-nucleon-axion bremsstrahlung to quantify the effects of such a cooling channel on the dynamical evolution. While our simulations show a difference in the temperature profile of the merger remnant, the imprint of the axion via nucleon-nucleon-axion bremsstrahlung on the emitted gravitational wave signal and the ejecta mass is too small to improve constraints on the axion mass with current or future planned detectors. Whilst we consider a limited number of cases, and a simplified cooling model, these broadly represent the "best case" scenario, thus, a more thorough investigation is unlikely to change the conclusions, at least for this particular interaction channel.
The QCD axion is a hypothetical particle motivated by the Strong CP problem of particle physics. One of the primary ways in which its existence can be inferred is via its function as an additional cooling channel in stars, with some of the strongest constraints coming from the supernova observation SN1987A. Multimessenger observations of binary neutron star mergers (such as those of GW170817, AT2017gfo, and GRB170817A) may provide another scenario in which such constraints could be obtained. In particular, the axion could potentially alter the lifetime, the ejection of material, and the emitted gravitational wave signal of the postmerger remnant. In this article, we perform numerical relativity simulations of a binary neutron star merger, including a phenomenological description of the nucleon-nucleon-axion bremsstrahlung to quantify the effects of such a cooling channel on the dynamical evolution. While our simulations show a difference in the temperature profile of the merger remnant, the imprint of the axion via nucleon-nucleon-axion bremsstrahlung on the emitted gravitational wave signal and the ejecta mass is too small to improve constraints on the axion mass with current or future planned detectors. Whilst we consider a limited number of cases, and a simplified cooling model, these broadly represent the "best case" scenario, thus, a more thorough investigation is unlikely to change the conclusions, at least for this particular interaction channel.
I. INTRODUCTION
Binary neutron star (BNS) mergers are among the most energetic events in our Universe. As such they provide a natural laboratory for investigating particle physics at high energies. The combined observation of gravitational waves (GWs) from a BNS merger by advanced LIGO and advanced VIRGO, GW170817, e.g. [1] [2] [3] [4] , along with the electromagnetic counterparts, AT2017gfo and GRB170817A, e.g. [5] [6] [7] , were the first in what promises to be a catalog of future events, with ever increasing numbers of detections, and levels of accuracy, e.g., [8, 9] .
In this paper we explore the use of BNSs for testing the existence of the axion, a hypothetical light pseudoscalar particle with sub eV mass. The original motivation for axions was to solve the strong CP problem in QCD, by providing a dynamical mechanism to explain the smallness of potential CP violating terms in the Standard Model Lagrangian [10, 11] (see [12] for a review). For this QCD axion, the axion decay constant f a (also the Peccei-Quinn energy scale for axions) is related directly to the axion mass m a as
and, subject to some model dependence, calculations of the coupling of axions to photons g aγγ and axions to nucleons g ann can also be made where g aγγ ∼ 1/f a and so higher masses correspond to stronger couplings. A wider class of axion like particles (ALPs) covers (pseudo)scalar particles arising from, for example, string theory, for which the couplings to standard model matter are unconstrained and may even be zero [13, 14] . In this work, we focus on the former, more predictive case, but our work FIG. 1: Direct and exchange diagrams corresponding to the nucleon-nucleon-axion bremsstrahlung, see e.g. [19] .
is relevant to the production of any light particles with a similar coupling to nucleons. Another motivation for axions is as a dark matter candidate [15] [16] [17] (see [18] for a review), but this is not a required assumption for our work, which relies only on axion production by nucleonnucleon-axion bremsstrahlung ( Fig. 1 ) in the remnant, and not on an astrophysical background of axions. We build on a long history of astrophysical tests for axions (e.g. [20] [21] [22] [23] [24] [25] , see [26] for a review), in which one uses the fact that production of axions in a dense plasma would change the behaviour and evolution of stars. Several such tests constrain the axion mass to be below 1 eV. In addition, in a supernova such as SN1987A, the formation of axions from nucleon-nucleonaxion bremsstrahlung would potentially act as a cooling mechanism, reducing the duration of the neutrino burst [19, [27] [28] [29] [30] [31] [32] [33] [34] . In [32, 33] , using the observation of SN1987A neutrinos, this effect was found to rule out QCD axion masses between 10 −3 eV and 1eV. The lower limit is set by the interaction strength becoming sufficient for the production of enough axions to enhance cooling. The upper limit arises when the interaction strength is too highthe freestreaming of axions ceases, due to the mean free path of the axions being contained within the core, such that the axions no longer carry away energy faster than the neutrinos. More recent reanalysis, e.g. [35] , have provided order of magnitude adjustments to these original bounds, by taking into account more accurate models, for example, for the spin dependence of the axion coupling, but there remains a level of model dependence in the results and ranges between 10 −3 eV and 10eV are obtained [26] .
Motivated by this work, we note that the same cooling effect should apply in a BNS merger, where the neutron star matter is rapidly heated during the collision. After the merger, the remnant is not only supported against collapse by the intrinsic rotation, but also by temperature gradients. An additional cooling mechanism should lead to changes in the collapse time to a black hole (BH), e.g., [36, 37] . Whilst this part of the GW signal was not observed for GW170817 [3, 38] , one expects that with increasing signal to noise ratios (SNRs), future observations will constrain the time to collapse better, giving a possible measure of the cooling timescale. Furthermore, observations of electromagnetic counterparts may give other distinctive hints of the presence of additional cooling pathways. Note that neutrino emission is one known channel for BNS cooling, e.g., [36, 39, 40] , which is likely to dominate in the BNS case, and although a model for this is not yet fully agreed upon in numerical simulations (see, e.g. [41] [42] [43] [44] [45] [46] [47] ), models will hopefully converge in the future. In this work we neglect the effects of neutrino cooling, to test the impact of axion cooling independently. Consequently, our constraints can be seen as the most optimistic analysis. We investigate the range between 10 −3 eV and 1 eV, which overlaps with the SN1987A range, and so could potentially reinforce these constraints using an independent type of event.
We note that in addition to nucleon-nucleon-axion bremsstrahlung there are a number of other ways in which axions may change the BNS coalescence. In particular, the imprint of axions or ALPs on the BNS GW signals observed by LIGO and Virgo (see e.g. [48] [49] [50] [51] [52] ). These effects generally rely on the Compton wavelength of the axion particle being of an astrophysical scale -i.e. similar to the size of the binary or individual stars, such that the wave-like nature of the scalar condensate leads to effects such as superradiance [53] , orbital resonances, or a distinctive pattern in the density in or around the stars. For the axion masses considered here, these effects would not be relevant since the Compton wavelengths are sub mm, and the behavior is well described by the particle picture. Another possible effect is the imprint of accumulated DM in the NS cores (see e.g. [54] [55] [56] ). As noted above, we will not assume that the axion constitutes the DM, and so do not consider these effects in our simulations.
In this paper, we present a first step in modelling and quantifying the effect of the nucleon-nucleon-axion bremsstrahlung and structure the article as follows: First, we discuss the introduced phenomenological cooling scheme in Sec. II and the numerical setup and simulated configurations in Sec. III. Results regarding the dynamical evolution, the GW signal, and the mass ejection in our simulations are presented in Ref. IV, we conclude and summarize in Sec. V. Throughout this work we employ geometric units c = G = M = 1 if not otherwise stated. This determines the units of all our results, in particular, those shown in the individual figures. For additional details and the conversion into standard units, we refer to Appendix A.
II. AXION COOLING A. Nucleon-Nucleon-Axion Bremsstrahlung
For a simple model of axion production, we follow the treatment in Brinkmann et al. [19] , which is summarized below for completeness.
In this model, the degenerate and non-degenerate energy emission is given bẏ
MeV
with X ∼ 1 being the mass fraction of nucleons, f ∼ 1 the pion-nucleon coupling, ρ 14 = ρ/10 14 g cm −3 the energy density of the remnant, T MeV = T /1 MeV the temperature, and g the axion-nucleon coupling. The value of g is a function of the nucleon mass m n = 0.94 GeV and f a , and so can be expressed in terms of the axion mass m a using Eq. (1), as
Transforming these expressions into geometric units suitable for our simulations (see Appendix A), we arrive at:˙
MeV .
As shown in the numerical simulations in Ref. [19] the degenerate approximation is accurate for small temperatures, whilst the non-degenerate emission is accurate for high temperatures. We enforce this by implementinġ
We note that in the case of our higher masses -above m a ∼ 0.01eV , the effect of reabsorption of the axions should be taken into account [33] , as at this point their mean free path falls below one NS radius and some of the axions will be thus reabsorbed in the remnant. Above 1 eV virtually no axions would escape and cooling from this channel would cease. We have not taken these effects into account and as such our simulations represent a "best case scenario" for the potential level of cooling. As discussed below, we nevertheless find that the effect is small, and so such corrections would only further reduce the potential constraints which can be obtained.
B. A covariant cooling scheme
In this article, we follow the treatment of cooling mechanisms in Refs. [36, 57] . A covariant extension of the general relativistic hydrodynamics (GRHD) equations is given to incorporate additional cooling channels, e.g., neutrino radiation as considered in [36] . Here we will briefly review this formalism and describe the modifications to incorporate nucleon-nucleon-axion bremsstrahlung. We introduce
with the radiation stress-energy tensor R αβ and the radiation four-force density G α . The energy-momentum conservation equation reads
or alternatively
Assuming a perfect fluid stress-energy tensor and projecting this equation with respect to the fluid four-velocity, we obtain, with the help of the continuity equation,
We relate the thermal part of to the temperature via
with the Boltzmann constant k, the atomic mass unit m u , the radiation-density constant a r .
Under the assumption (discussed in Sec. II A above) that there is no absorption or scattering, we set G α = −u α Λ and u α G α = Λ. We obtain the modified GRHD equations as
and
To connect the derived cooling scheme to the axion bremsstrahlung, Eq. (3), we set Λ =˙ ,
which closes our system of equations.
III. SIMULATED CONFIGURATIONS AND NUMERICAL METHODS
In this article, we are studying equal-mass, irrotational BNS configurations for four different total masses, cf. Tab. I. All setups employ a piecewise polytropic representation of the ALF2 EOS [58, 59] . This EOS has been picked since it is in agreement with current constraints on the supranuclear EOS derived from GW170817, AT2017gfo, GRB170817A, e.g. [60, 61] [92] . We model the imprint of different axion masses, by considering m a ∈ {10 0 , 10 −1 , 10 −2 , 10 −3 , 0} eV, i.e., we perform simulations for four different axion masses, plus the null case.
The initial configurations for our study are computed with the SGRID code [62] [63] [64] and evolved with BAM [65] [66] [67] [68] . SGRID uses pseudospectral methods to compute spatial derivatives and solves the conformal thin sandwich equations [69] [70] [71] [72] . We do not employ any eccentricity reduction procedure since the focus of this work is on the postmerger evolution of the remnant and the inspiral is short -the merger occurs after 1-2 orbits.
We use BAM for our dynamical simulations. The spacetime evolution follows the Z4c framework [73, 74] combined with the 1+log and gamma-driver conditions for the evolution of the lapse and shift [75] [76] [77] .
For the evolution of the matter variables, we use highresolution-shock-capturing methods [66] with primitive reconstruction (with the 5th order WENOZ method [78] ) and the Local-Lax-Friedrichs numerical flux scheme. For the nested Cartesian boxes, we employ a total of 7 refinement levels following a 2:1 refinement strategy. The three outermost levels are non-moving with a size of 192 points in each dimension. The inner levels follow the motion of the NSs, each star is covered with approximately 96 points in each dimension leading to a grid spacing of 0.177. We enforce bitant symmetry to reduce the computational costs and the memory footprint of our simulations. A detailed description of the numerical methods and convergence tests can be found in Refs. [65, 66, 79, 80] . Further information about the constraint violations for our simulations can be found in Appendix B. 
IV. RESULTS

A. Postmerger Dynamics
While there are a number of possible effects of axions and ALPS on the BNS coalescence, we focus purely on the additional cooling channel provided by the nucleonnucleon-axion bremsstrahlung. We therefore focus our discussion on the postmerger stage of the BNS coalescence, at times when the high temperatures which favor the production of axions are present.
Due to the additional cooling, the temperature and density profile of the remnant changes noticeably for different axion masses. As an example, we show for the Case-1 configuration the system at a time t = 3000 in Fig. 2 . From top to bottom the individual columns refer to m a = 0, 0.1, 1 eV respectively, i.e., an increasing axion mass. From the density profile (left panels) one finds that at the same times, remnants which are cooled due to nucleon-nucleon-axion bremsstrahlung are almost spherically symmetric and their bar-mode is noticeably less pronounced. Considering the temperature evolution, the configuration without additional axion cooling has significantly higher temperatures in the spiral arms formed during and after the merger. These higher temperatures might allow for higher electron fractions within the ejected material, which (for a quantitative analysis) would require an inclusion and accurate modeling of neutrino effects. The central core has a low temperature for all studied systems.
We show a comparison of the central density evolution for all four cases (Tab. I) in Fig. 3 . We find that for the most massive system, the lifetime of the merger remnant depends on the axion cooling, where generally more cooling leads to an earlier collapse, we see that the lifetime is continuously decreasing for m a = 0, 10 −3 , 10 −2 eV, but that, somewhat surprisingly, m a = 1eV has a longer lifetime than m a = 0.1eV. While this observation seems non-intuitive, the merger remnant evolution is complicated and determined by a number of factors. Most notably, one sees a clear oscillation of the maximum density throughout the entire evolution. This oscillation causes a non-monotonic evolution of the density and appears to be the reason for the longer lifetime of the m a = 1eV setup -causing a critical threshold to be crossed earlier in this case.
Considering the three other cases (for which no BH forms during the numerical relativity simulation), one generally finds that larger central densities are reached for configurations which incorporate nucleon-nucleonaxion bremsstrahlung. The central density increases for larger axion masses. With decreasing axion masses the density evolution approaches the system without axion cooling, as expected. Even for an axion mass of m a = 1eV and for the system with the lowest total mass (Case-4) the central density value is about ∼ 7% larger than for the simulation excluding axion cooling. In addition, as for Case-1, we find that for the cases not forming a BH, the maximum density shows large oscillations. These oscillations are caused by the repulsion of the two colliding cores. For large axion masses, e.g., m a = 1eV, these oscillations are larger than for smaller axion masses.
B. GW emission
As discussed, the presence of nucleon-nucleon-axion bremsstrahlung leads to a more spherical form of the merger remnant and thus potentially faster BH formation. One might therefore expect a detectable imprint on the postmerger GW signal. This is of particular impor- tance for the 3rd generation of GW detectors for which we expect to see postmerger signals with SNRs of ∼ 10. Realistic sources assuming an advanced LIGO sensitivity will only have SNRs of about 2-3, e.g. [81, 82] .
In Fig. 4 , we show the postmerger spectrogram of our simulations plotted with respect to the retarded time, e.g., Eq. (22) of [67] . The spectrograms include individual modes up to ( , m) = (4, 4) and we assume an inclination of ι = π/4 (other inclinations have been tested and resulted in similar results and conclusions). Setups which incorporate cooling via nucleon-nucleon-axion bremsstrahlung are shown as colored contours. Setups without axion cooling are shown as black contour lines. The plot shows a comparison between the most extreme cases with m a = 1eV and m a = 0eV. We find that the differences observed in Fig. 2 lead to very small difference in the postmerger GW spectrogram. Overall the shift in the main postmerger GW emission frequency is significantly below 50Hz, thus, we do not expect that available techniques as discussed in Refs. [82, 83] will be able to place constraints on the axion mass even for a hypotheti- cal mass of m a = 1eV. As noted above, at higher masses a correct treatment of axion reabsorption would reduce the cooling effect, meaning that our m a = 1eV simulation is already a "best case" scenario.
Thus, we conclude that the impact of nucleon-nucleonaxion bremsstrahlung on the postmerger GW signal will not provide a new way of constraining the axion mass beyond the current existing mass limits.
C. Electromagnetic emission
Given the multi-messenger strategy of observing BNS mergers, we also consider the possibility that the nucleonnucleon-axion bremsstrahlung cooling affects electromagnetic signatures related to BNS mergers, where in particular we will focus on the kilonova detectable in the optical, infrared, and ultraviolet, see [84, 85] for reviews and further references. The kilonovae are triggered by the radioactive decay of r-process nuclei in the neutronrich material ejected during a BNS merger, thus, we will investigate in more detail the ejecta mechanism and the amount of ejecta during and after the collision of the two neutron. We show in Fig. 5 for all our simulations the total mass of the ejected material. The ejecta mass is estimated as the unbound material leaving an extraction sphere of a radius of r ej = 200. We find that for most configurations with small axion cooling effects, i.e., small axion masses, the dynamical ejecta is larger than for setups for which an additional cooling via axions is incorporated. However, this behavior is not monotonic and more based on a qualitative than a quantitative inspection of the results. An interesting and robust feature in all our simulations with an axion mass of m a = 1eV is that with an increasing total mass, the mass of the ejected material decreases. This is an indicator of the the fact that for large axion masses, tidal ejecta are the dominant ejection mechanism. Shock driven ejecta are less important, which is in agreement with the naive expectation that the additional axion cooling reduces the thermal pressure. Therefore, since an increasing total mass of the binary leads to a smaller tidal deformabilities, an ejection due to tidal effects (torque in the tidal tail) is less likely.
In both numerical simulations and analyses of the measured kilonova lightcurves, the uncertainty of the ejecta mass is larger than the small differences found in our work (see e.g. [67, 86, 87] for estimate about ejecta uncertainties). We conclude that for our configurations the incorporation of axion cooling will not lead to a measurable effect, even for a hypothetical axion mass of m a = 1eV.
V. SUMMARY AND CONCLUSION
In this article, we have presented the first simulations which incorporate in a covariant and phenomenological way nucleon-nucleon-axion bremsstrahlung effects. These provide an additional cooling channel for the postmerger remnant and therefore could have an influence on the postmerger dynamics. We find interesting differences in our simulations, in particular, that with an increasing mass of the axion, the lifetime of the remnant before collapsing to a BH decreases, which is caused by the missing temperature support, and that a faster sphericalisation of the remnant occurs. However, this shift in the lifetime is of the order of a few milliseconds and, while it might be more pronounced for configurations with a longer remnant lifetime, with current technology for observing BNS events it would not lead to a noticeable effect. We also studied the emitted postmerger GW signal and the amount of ejected material during and after the collision of the two stars. We find noticeable differences between simulations with and without axion cooling, but the change is insufficient to be detectable from GW and EM observations. Even for the upcoming 3rd generation of GW detectors, it seems unlikely that the axion mass could be constrained via the effect of nucleon-nucleonaxion bremsstrahlung.
We note that we restrict our work to a single hadronic equation of state and to four different equal-mass configurations. We also neglect neutrinos, and assume a simplified cooling model, without taking into account reabsorption, which should play a role in higher mass cases. It is therefore possible that other equations of state, more accurate models, or different configuration setups might lead to larger, more noticeable effects. However, our work indicates that constraints on the axion mass cannot easily be derived from the additional axion cooling channel provided during the postmerger. We note that there are other effects which might constrain the mass of the axion or ALPs with the help of multi-messenger detections of BNS mergers. For example, a change in the inspiral GW signal, e.g., [48] [49] [50] [51] [52] or axion-photon conversion in the presence of magnetic fields, e.g., [23, [88] [89] [90] . 
